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|. INTRODUCTION 


1. Preliminary Statement 

During the past several years there has been a marked 
increase in the use of single-phase resistance welders. New 
applications of resistance welding are being developed, and 
it is expected that the applications will continue to in- 
crease in the future. This increased use of single-phase 
resistance welders has added to the voltage regulation prob- 
lems which confront the utility engineer. 

The resistance welding machine requires for its opera- 
tion a high kva demand at a low power factor. The welder 
load is applied at frequent intervals and for relatively 
short periods. This changing load- causes voltage changes on 
the power system adjacent to the welder. If these variations 
in voltage are severe enough, they can cause objectionable 
flicker in the lighting of other customers served from the 
same portion of the power system. There are two types of 
light flicker caused by a single-phase resistance welder: a 
non-cyclic flicker from single impulse machines such as spot, 
butt, flash and projection welders and a cyclic flicker from 
machines such as seam welders. 

Light flicker is much more noticeable or objectionable 
at some frequencies of fluctuation than at others. Abrupt 
voltage changes recurring several times per minute (typical 
of the welding rate of numerous welding applications) must 
generally be limited to 1.0 - 1.5 v on a 120-v base if ob- 
jectionable lighting flicker is to be avoided. Voltage 
changes at which cyclic flicker becomes objectionable are 
generally lower than for non-cyclic changes and depend on the 
duration and frequency of the disturbance. The most critical 
frequency is at about six fluctuations per second. At this 
frequency, the maximum allowable voltage variation is about 
0.5 v. 

Since such variations are objectionable, the power 
company engineer must be able to determine accurately the 
variation in voltage in order to provide service at the 
lowest cost. In general, these problems have been handled 
satisfactorily, with considerable ingenuity in devising 
schemes to keep the cost of service reasonable. However, in 
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some cases, voltage drops measured after installation of the 
welder were appreciably lower than had heen calculated. Many 
power company engineers reasoned that this was caused by 
motor loads adjacent to the welder which had been neglected 
in the voltage drop calculations. Therefore, the study de- 
scribed in this bulletin was undertaken to determine what 
effect these motor loads have on the voltage drop and also to 
develop methods of calculating this effect. 

This bulletin is divided into two main parts. The first 
presents analytical solutions of the voltage change produced 
by a single-phase welder, including the effect of the adja- 
cent motor loads. The second part contains several charts 
from which the voltage drop may be determined for some of the 
most commonly encountered welder supply circuits. Included 
in this part is a description of how the charts were obtained 
together with a discussion of their limitations. A complete 
set of instructions for using the charts is also included, 
with an example to clarify these instructions. These charts 
offer a practical and time-saving method of determining 
the voltage drop when a large number of problems involving 
single-phase welders and various amounts of motor load are to 
be considered. 
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11. ANALYTICAL DEVELOPMENT OF 
VOLTAGE CHANGE EQUATIONS 


3. General Method of Solution 

A single-phase welder is assumed to be connected to one 
phase of a symmetrical three-phase system. Three-phase in- 
duction and synchronous motors connected to the system are 
assumed to be symmetrical. Since the single-phase welder is 
the only unbalance on an otherwise symmetrical three-phase 
system, the performance of the system can be analyzed by the 
method of symmetrical components in a manner similar to that 
used for fault calculations. In this problem the welder will 
be considered as a line-to-line fault of impedance Zp as 


shown in Fig. 1. All currents and voltages are assumed 
sinusoidal, 


Symmetrical 3-Phase System Fiy-Foltt of Fault 
A 
SS 


Ia 


NV 


FIG. 1. SINGLE-PHASE WELDER CONSIDERED AS A 
LINE-TO-LINE FAULT ON A SYMMETRICAL 
THREE-PHASE SYSTEM 


In Fig.l] I,, I,, and I, represent the currents flow- 
ing into the fault fran the respective phases; Var Vb» and Vv. 


represent the neutral-to-line voltage rises of the respective 
phases at the point of fault F after the fault occurs. 


4. Sequence Network Current and Voltage Relations 


A symmetrical three-phase system which has become un- q 


balanced due to a fault can be resolved into a positive- 
sequence system, a negative-sequence system, and a zero- 
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sequence system. In each of these systems the currents and 
voltages are symmetrical and the impedances in each phase are 
identical. Therefore each system can be replaced by a 
single-phase line-to-neutral network, and a single-line dia- 
gram can be used to represent the network. 

Throughout this discussion ABC is taken as the positive 
sequence, phase A is considered as the reference phase, and 
subscripts 1, 2, and 0 are used to denote the positive, nega- 
tive, and zero sequences respectively. Unless otherwise 
specified, all voltages are considered as rises and taken 
positive from neutral-to-line in the sequence networks. 

Using the preceding definitions, the positive-sequence, 
negative-sequence, and zero-sequence networks can be repre- 
sented as shown in Fig. 2. Here the heavy lines indicate the 
respective neutral buses and the letters Fy, Fo, and Fo indi- 


cate the point of fault in the respective networks. Yas is 

the neutral-to-line voltage rise at the point of fault in the 

positive-sequence network. Te is the current flowing from 
I V 


the positive-sequence network into the fault. V ay’ Vag 


ao’ 


and I, are similarly defined for the negative- and zero- 


a 


sequence networks. 


oF, 


Positive Negative Zero 
Sequence Vo, Sequence Ya, Sequence Y, 
Network Network Network 


FIG. 2. GENERAL SEQUENCE NETWORKS 


Very useful equations can be derived which apply to each 
network regardless of the type of fault. Let Vey VER’ and 


Vic be the neutral-to-line voltage rises of the respective 


phases at F before the fault occurs. The effect of the fault 
on the positive-sequence network is to change the positive- 
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sequence voltage at the point of fault F fron YF, to Yay and 


the positive-sequence current flowing into the fault from 
zero to Pa The relationship between VE, Vay’ and oy can 
be found conveniently by the principle of superposition. If 
Z) is the impedance of the positive-sequence network between 


the fault and the neutral bus (generated emf’s considered 
zero), the voltage drop caused by re flowing from the neu- 


tral bus to the fault is si he or the voltage rise is 


jay} Therefore 


Equation (1) can also be developed by a superposition of 
currents instead of voltages as above. 

In the usual case there are no negative-sequence volt- 
ages generated or induced in a system. Hence the negative- 
sequence voltage at F is zero before the fault occurs. It is 
Le after the fault and is due to the negative-sequence cur- 
rent re flowing through Zo, the impedance as viewed from the 
fault in the negative-sequence network. From Fig. 2 it can 
be seen that the negative-sequence voltage rise is 


Vas re ry (2) 
In similar manner it can be shown that 
Fy, = ~ 1,20 (3) 
where Z) is the impedance as viewed from the fault in the 
zero-sequence network. 
5. Determination of General Equivalent Circuit 


Reference to Fig. 1 shows that the conditions at the 
point of fault F are: 
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le 1 ss Vie DL 2ei— V, (4) 


a 


i) 


ap “3 BOD PRS sa 0 3 (0 +, - I.) =0 

a, = (Ig + al), + aI.) =7 {0 + ef, ~ o2T;,) =ac0? r, : 
ee et raty 10 at, Sat) =~ 25" 7, 
ae 


The voltage rises at the point of fault in terms of 
their symmetrical components are: 


Since on ESOt fr must also be zero. Using the relations 
expressed in Equations (4) and (6), it can be seen that 


Vea ¥. = (a* — a) Ng tac a) Ve 


Cc # I}, Zp 


2 
* 3 — 7. T. Tr. = 2 — — 2 os Ty 
Since I, Th + The a Thy a Ta Uh ala, (a a) Tay 

preceding equation becomes 
V, eV = (a2 -a) Vas ad (a2 — a) Yao = (a2 - a) Ty 2p 


or 


=V. +I (7) 


V 
ay a ay F 
In order to satisfy the conditions given in Equations 
(5) and (7), the sequence networks must be connected as shown 
in Fig. 3. 
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Positive 
Sequence 
Network 


Negative 
Sequence 
Network 


FIG. 3. SEQUENCE NETWORK CONNECTIONS FOR A 
LINE-TO-LINE SINGLE-PHASE WELDER LOAD 


Th can be found in terms of the sequence network impe- 


dances and the voltage existing before the fault occurs. 
Solving Equation (1) for VE, and making use of Equations (2), 


(5), and (7) 


or U 


Ye, and ‘a can also be determined in terms of the se- 


quence network impedances and the voltage existing before the 
fault. From Equations (1) and (8) 


Z 
= bs Pace me 1 
Vo. Vp = TS Ze = Ve es (9) 
a F 1 Or an are 
: Anse dd 7. 2) +Zo + Zp 


(10) 
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6. Equations for Voltage Change at the Welder 
Referring to Fig. 1, the line-to-line voltage rises at F 
after the fault are 


sats aa Vier Paty» 


EY eee V, 


ca c 


Substituting the relations given in Equations (6) into the 
above equations and using the definitions a = 12120° and 


a2 =] 2 240° 


Vab = 27Vq, + 8¥e, ~ Ya, ~ Ya, = (a2 = 1) ye ft - 1) ¥,, 
= ¥3 [20° V,, +3 [10° Vy, 
Reeayoat acVo eV aV- = (a —at) V, + (07-0) V, 
1 1 2 2 
— 3 lo0° V, +73 oy 
1 oy 
Resa 7 Ya, 5 Xe) he'ag s (1 - ©) ira CL s°) Ya, 


The phase relations between the neutral-to-line voltage 
rises before the fault occurs are 


Ve, =¥3 [210° Vp, Vp =¥3 loo? Vp, Ve, = 75 La30° Ve 
Fyp 73 [2l0° Vp, Wp, = 73 loo? Vp, Wp, = 73 L320" Vp, 


The ratio of the line-to-line voltage after the fault to 
the line-to-line voltage before the fault for each of the 
phases is 


= a) - 9] ag 

Be 73 (2102 Vp TF, 
pe + fr (11) 

Wes ¥3 loo’ v,, + ¥3 la70° Vv, Va, ~ Ya, 
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ee (11) 


Putting the values of Yai and Vay from Equations (9) and (10) 


into Equations (11) gives 


Vv Zit 74 T 

Fap 1°* 497 “F 

V, 7 eT, 

gC. ce teh eee: (12) 
VF pc ae is 5 

Vea _, 21 te (eae 

V, Ve ly oe ay A 

Fa 1 * 49° 4F 


In general only the magnitude of the voltage change is impor- 
tant. Thus 


Vab 2) * Zo |i20° 

- os (13) 
\Fap Ligt £5 Sarr 
v Z, +z 
Mie FOS Wp ah Te (14) 
Vine AMEE TN 5 
Nea nee (15) 
Vins oy ee 


where the vertical lines indicate that only the magnitude of 
the resultant complex quantity is under consideration. 
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7. Change in Voltage at the Primary of the Welder Supply 

Transformer Bank 

In general, single-phase loads large enough to produce 
an appreciable voltage change are connected to a bus which is 
fed through a bank of transformers from a supply line. The 
change in voltage at the primaries of the transformers is 
usually more important to the utility engineer than the 
change in voltage at the bus since the primary voltage change 
directly affects all the other customers connected to the 
same supply line. 

In calculating primary voltage changes, three specific 
circuits are encountered so often in practice that equations 
for each of these circuits are derived. Furthermore, the 
following analysis serves to show how other circuit configu- 
rations can be analyzed. 


Circuit I.MATransformer Bank. -- Consider a single-phase 
load connected at point F in the system shown in Fig. 4. 


Source 


Ff Transformer Bark and 


: 3-%$ Motor Load at P 


“44 7Transormer Bank 


Plant Bus 


a Load 
Za 3-¢ Moror Lead 


at F 


BiG 4 ChRGUIT ol, A TYPICAWG-LSYSTEM: FOR 
SUPPLYING A SINGLE-PHASE WELDER 


For the system of Fig. 4, let: 
= excitation voltage rise of source, neutral-to-line 


(phase A) 


is, = impedance of supply (source and line) to positive se- 
quence 


18 ILLINOIS ENGINEERING EXPERIMENT STATION 


= impedance of supply to negative sequence 


SP 


Zyp,= impedance of motor load and associated transformer bank 
1 a 
at P to positive sequence (Equivalent Y-Y) 


Zyp.= impedance of motor load and associated transformer bank 
2 at P to negative sequence (Equivalent Y-Y) 


Zz, = impedance of plant-bus transformer to positive sequence 
(Equivalent Y-Y) 


Zy_ = impedance of plant-bus transformer to negative sequence 
2 (Equivalent Y-Y) 


MF impedance of motor load at F to positive sequence (Y 
value) 


Zyp.— impedance of motor load at F to negative sequence (Y 
value) 


Zp = impedance of single-phase load. 


Using the preceding definitions, the equivalent circuit 
for the system of Fig..4 is given in Fig. 5. 

The motors in the equivalent circuit have been shown 
only as impedances, and therefore strictly speaking represent 
induction motors. Synchronous motors in such a circuit must 
be shown in the same manner as the source, that is, as an 
excitation voltage in series with an impedance. However, 
this does not affect the analysis of conditions after the 
fault, since the impedances Z) and Z, which appear in the 


solution are defined as the impedances viewed from the point 
of fault in the respective networks with all generated emf’s 
considered as zero. These definitions are a result of the 
use of the principle of superposition. 

The circuit of Fig. 5 is applicable after the fault 
occurs. In accordance with Equations (5) and (8) the cur- 
rents I, and J, in Fig. 5 are 

1 2 


V 
ks F 
1, (2 (16) 
Be apo sy 
and 


FIG. 


where 
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EQUIVALENT CIRCUIT FOR THE SYSTEM SHOWN IN 
FIG. 4, AFTER THE WELDER IS CONNECTED 


Rite “I, (17) 
ts 
Ig +Z * 2 | Ae, 
Siege. S 
=—=— +7, 4 
Zs t+ 1 1 
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=< pike 6 ea (19) 


and Vp = voltage rise (neutral-to-line) at point F before 


the fault occurs. 
The component of current in es due to the fault is 


ae ANF 1 
Ip = | Se a eee > Se re 
a) 1/_ s, WP, < re a 
A See ee RP TA 
1, ey PAE! i 
eo, (20) 
L 
= ‘uF, “NP, 
5 ay ey Ape ty Me ee Re PR Gale, ROME SNP See a 
ts, AP, 1,°48, 121; Se? ae; se ae ae, 
The component of current in is3 due to the fault is 
oan AMF, ZN, 
Ip 7 1 Naor = b 4 eas es 
See Zs, “WP Zs, * vp 
2 a 2 2 
1) "7 the | MF 
Zs * “yp, 
(21) 
. vr, “NP, 


Lae eee SSS SS 
2 435 4,720, 23 aan 4P, * WE, Ss. * Air, “WP, 


Pefore the fault occurs, the equivalent circuit is the 
positive-sequence network shown in Fig. 6. In this figure I, 
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EaliGioe Gis EQUIVALENT CIRCUIT FOR THE SYSTEM SHOWN IN 
FIG. 4 BEFORE THE WELDER !S CONNECTED 


is the load current before the fault, Vp, is the voltage rise 
(neutral-to-line) at point P before the fault, and INE NP, 


are the respective impedances of the motor loads at F and P 
before the fault occurs. These impedances are determined 
from the impressed voltage, current, and power factor of the 
respective motor loads. In the case of an induction motor, 
such an impedance is the same as the impedance determined 
from the usual equivalent circuit. An impedance determined 
fron the impressed voltage, current, and power factor of a 
synchronous motor is completely fictitious, since the equiva- 
lent circuit usually consists of an excitation voltage in 
series with the usual synchronous impedance. All other 
quantities in Fig. 6 are the same as previously defined. 
From Fig. 6 it is seen that 


Ye, ~ YF, + Ta Ly, “Vp, + —— “ai (22) 


Vp, is the positive-sequence voltage rise at P before 


the fault. Vp is the positive-sequence voltage rise at P 
a 
1 
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after the fault. Ip is the component current in ee due to 
a 


1 
the fault. Therefore by the principle of superposition 


oo. ch (23) 


The negative-sequence voltage rise at P before the fault 
is zero; after the fault it is Vp . The component current 
a 
2 
in er due to the fault is Ip . Therefore 
a 
2 


et ed A 2 
Be oa is; ee ts, (24) 


Substituting Vp, from Equation (22) and Ip from Equa - 
a 
1 
tion (20) into Equation (23) gives 


5 tig e 
aA 2 Ty, einai fe Zs, 
MF Zs Wp 121,25, 21,2, ur ,25, Zur, ae, 

Replacing I, by the value given in Equation (16), the above 


equation becomes 


Vp =V, ih = _ M (25) 
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where 
ace 
ts, Ap, + 2, 1s, +2, yp, + Zr, 2s, + Zr, Ze, 


Equations similar to Equations (11), which apply to 
point F, can be written for point P. These equations are 


Vp b YD. os Vp 120° 
1 


N= (28) 


a ao 

Tae ¥, 

PaB Pa 
V, Votes, 
Fe 7 "1 ie (29) 
Vj Vj 
V, Vey |240° 

es aay Pao 
‘Poa ‘Pa 


Putting the values of Vp’ Vp , and Vp from Equations (22), 
et 2 


(25), and (27) respectively into the preceding equations and 
considering only the magnitude of the voltage ratios gives’ 


es 2, 1 1 
V; — _ 
F 1+=— - = _ M- > ON L220° 
A = 
ype rae Ye nts toes ys + Zot Ze 
V, wa — 
P -_ 
—s. 
1 (30) 
—y 
NF roe: 
ee, «(MTN [120°) 


Z +2 +t) Ge, + %,) 
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a* 


Pe ae EE (M +N) (31) 
Vp (2 4 Zo eee eT) 

and 

‘Pe ZF a ° 

‘Po - 1G + 2a +I) Gy, + Oy) (Ni +N [240°) | (32) 


The values of Zy Zo. M and § in the foregoing equations are 


given respectively by Equations (12), (19), (26), and (28). 


Circuit I. YATransformer Kank.-- Equations (30), (31) and 
(32) give the line-to-line voltage changes at the point P in 
Fig. 4, only when the transformer Lank supplying the plant 
bus is connected “A, Equations are now derived for the case 
of a YAtransformer bank. 

When a transformer bank is connected YA or AY and the 
lines are lettered as shown in Fig. 7, the positive-sequence 
line-to-neutral voltages and line currents are shifted 90° in 


aorAa a@orA 
COFG Lor8 
bor& core 


FIG. 7. LETTERING CONVENTION OF a YA 
TRANSFORMER BANK 


phase in the same direction in passing through the bank; the 
negative sequence line-to-neutral voltages and line currents 
are shifted 90° in the opposite direction in passing through 
the bank.* Whether the shift for the positive-sequence 


tedith Ciarke, "Circuit Analysis of A-C Power Systems," 
John Wiley and Sons, Inc., New York, 1943, Pp. 101-107. 
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voltages and currents is 90° forward or 90° backward depends 
upon the way the transformer windings are connected (for a 
given Y there are two possible A’s, and vice versa). The 
actual direction of the 90° shift does not need to be known 
when determining the magnitudes of the voltages and currents 
caused by faults since the magnitudes will be the same for 
either shift. However, if the relative phase relations of 
the voltages and currents on the two sides of a YA (or AY) 
bank must be known, as for example when two circuits each 
with a YA bank are to be paralleled, then the actual direc- 
tion of the shift must be determined from the transformer 
connections. Since only changes in voltage magnitudes are 
being determined in this investigation, either shift may be 
used in the analysis. “A os 
The neutral-to-line voltage rises YP. Vp , and Vp 
Pal 72 
given respectively in Equations (22), (25), and (27) are for 
the case of the M bank in Fig. 4 and were determined on an 
equivalent YY basis. In the case under consideration the 
plant-bus transformer bank is connected YA. Consequently, 
assuming a positive-sequence shift of 90° forward, Equations 
(22), (25), and (27) become 
nf a Zr 
i, =3 %|1+=— (33) 


“I oat sealers 
Vp aj VF, yee tl N (35) 
2 Z, +Zy +Zp 


Substituting these relations into Equations (29), the follow- 
ing equations are obtained for the ratios of the line-to-line 
voltages after the fault to the line-to-line voltages before 
the fault: 


26 ILLINOIS ENGINEERING EXPERIMENT STATION 


\p Ae der 
a Altre TF ee ae (M-N = (36) 

‘Pip ig Bho og BE pe) Cos oy 

,. MF, 


Vea @ +2 + 2p) ap, + 2,) 


a 

Vp VF, Mite hd 

—= a Oe Ne 

Vp iMG Ht ioe “mee Nee) | (38) 
CA Z 1 

All symbols in the above equations have the same definitions 

as previously used. 

A comparison of Equation (30) with (36), (31) with (37), 
and (32) with (38) shows that these equations differ only in 
the sign before N, the plus sign applying when the plant-bus 
transformer bank is connected MA and the minus sign when the 
bank is connected YA, 

The ratios of the line-to-neutral voltages after the 
fault to the line-to-neutral voltages before the fault can be 
determined for point P by using Equations (33), (34) and 
(35). These ratios are 


>t 


ZyF, 
1 ee i ee ee) (39) 
(21125 *Zp) ype, *Zy, ) 
L240” TF, sa 
Sa | Name mcr nee ee mag fs | °y | (40 
Aa lei ||| 


Vp +¥j 7 
c | ‘Pa, *¥Pa,L120° ZN 


= [=I 00°) 1 (40) 
(2y*Z9+2p)(Zyp, +27, ) 
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The definitions of the symbols in these equations are the 


same as before, and the values of Z}; Zo, M and N are given 


respectively by Equations (18), (19), (26), and (28). The 
similarity between Equations (39), (40), and (41) and Equa- 
tions (30), (31), and (32) should be noted. 


Circuit IJ. AA or YA Transformer Bank. -- A second circuit 
often encountered in practice is shown in Fig. 8. 


Source 


<Supply System lnpedance 


44 or YA Transformer Bank 


e Plant Bus 


/-? Welder Load 
3-# Motor Load 
aot F 


Fics, oa CIRGUIT [1 ,SAPSECOND. TYPICAL ‘SYSTEM FOR 
SUPPLYING A SINGLE-+PHASE WELDER 


Again it is necessary to determine the change in the line-to- 
line voltages at point P caused by connecting the single-. 
phase load at F. Voltage ratio equations for the circuit can 
be derived in a manner similar to that used for the circuit 
of Fig. 4. However, when there are no motors at P, the cir- 
cuit of Fig. 4 reduces to that of Fig. 8 and a Ap, =a 


may be substituted in the equations derived for Fig. 4. When 
these substitutions are.made in Equations (26) and (28) the 
values of M and N become 
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7s, * a, * Ua, 


Substituting these values of M and N into Equations (30), 
(31), (32), (36), (37), and (38) gives the following voltage 


ratio equations: 


ik SSS SS 
Pen (2292p) Cp, +27, ) 


(44) 


where the plus sign before the last term is used when the 
plant-bus transformer bank is connected M\ and the minus sign 
when the bank is connected YA, 

The line-to-neutral voltage ratio equations for point P 
and a YA connected transformer bank can be determined by sub- 
stituting the preceding values of M and N in Equations (39), 
(40), and (41). Thus 


ops De, Zu Zs, Zur 75, 


j tte — a i: ea ae Sk =. a_i 
Vp, |] ZatZat@p) her, Zr, es, nae, 25, %2, 2, 
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V Z, +2512 p)( Zager tZy. )\ Ze tZy tly Zn 42 ty 

Pp 122) 127) 25921, ve, 25, °21, ‘eur, 
(46) 

V, Pe (Peay ° 

| Ce 

V ZntintZeitake ty )\ Zn tly lae Ze +2 tT 

Pc cor ee, 21))\2s, (20 oe, 25,21, ue, 


(47) 


The values of Z, and Zo in Equations (42), (43), (44), 
(45), (46) and (47) can be determined by letting Zp  Zyp. 


= © in Equations (18) and (19). 
This gives 


wr Jn 
—_- _ (2, 4s,) ZME 
Z) “SATE ae ae (48) 
1, * 4s, * or, 
Deetira\ 7, 
= (27, * 4s,) Ar, 
(49) 


SSeS 
2 7. + + 
Ti) poo" FS 


Circuit ITT. MA or YA Transformer Bank.-- The third circuit 
to be considered is shown in Fig. 9. The circuit of Fig. 4 
reduces to that of Fig. 9 when there are no motors at F, that 
is, when ZVF oF ZMF 5 = @+* Under this condition the equa- 


tions derived for Fig. 4 reduce to the following: 


Mody (Z) cn ate < (Zo a AT {120° 
v = We SRE coy 5 3-1 (50) 
Pap Cy peo AF 
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Source 


=-Supply System Impedance 


Transtorimer Bank and 
ie vf 


: -% Motor Load at P 
4A or YA Transformer Bank 
ROR eS ona 
Plarat Bus 


fel 


/-¢ Load 
FIG. 9. CIRCUIT III. A THIRD TYPICAL SYSTEM FOR 
SUPPLYING A SINGLE-PHASE WELDER 
‘Phe (2) ~ Zy,) # Zy ~ Zy,) 
cae a (51) 
Pr LSTA e 7 rn + Zo + Zp 
De, 1 ~ 2q,) # Zy ~ 2q,) [2an° 
= LS eee (52) 
YPoa 2, + Z, + Zp 
\p, (2, ~ Zp) + (Zp ~ 2q,) 
eet te es (53) 
Yp, Zy Ail T OTA OTE a + Zp ; 
p, ~ 2) + 2a ~ By) + Ge ~My} Lesa” [24n° | 
asides: rae = (54) 
‘Pp 2, + Zp + Zp 
\p. ~Zy,) + (2q ~ 2) L120° 
x 1 +" eee (55) 
YP. 2) + Zo + Zp 


where 


BUL . 
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Be SP ee 
Z) cyte eae ae 
oa)07 Ap, 

_ 5, 5 
Dy Ti — u Ty 

Zs + 
2 2 


31 


(56) 


(57) 


As in the preceding cases, the plus sign is used in Equations 
(50), (51), and (52) when the plant-bus transformer bank is 
connected MA and the minus sign is used when the bank is 


connected YA, 
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|| 1. MOTOR IMPEDANCES TO BE USED IN 
VOLTAGE CHANGE EQUATIONS 


8. Introduction 
The impedance ZME which appears in some of the voltage 


ratio equations is always determined from the voltage, cur- 
rent, and power factor of the motor load connected at F be- 
fore the fault occurs. The values to be used for the other 
motor impedances in the voltage ratio equations will be in- 
fluenced by the type of single-phase load which is connected 
to the system. For some types of single-phase loads steady- 
state machine impedances can be used, while in other cases 
sub-transient or transient values must be used. To help in 
determining the proper motor impedances, single-phase loads 
are divided into the two following types: 

1. Loads connected for an indefinitely long time or 
connected with an "on" period long enough for the 
system to reach a steady-state condition. 

2. Loads connected with an "on" period so short that 
the system does not reach a steady-state condition 
before the "off" period occurs. 


9. Synchronous Motors 

For most practical problems involving voltage changes of 
synchronous machines it is sufficiently accurate to neglect 
the armature resistance and to use cylindrical rotor theory 
for both nonsalient-pole and salient-pole machines. In the 
latter case, the direct-axis reactance X of the salient-pole 


machine is used as the synchronous reactance X, of the equi- 


valent cylindrical-rotor machine. 
For type 1 single-phase loads, the synchronous reac- 
tance X, = Xq is used for the positive-sequence motor impe- 


dance and the synchronous machine negative-sequence reactance 
X» is used for the negative-sequence motor impedance. For 


type 2 single-phase loads, the synchronous machine sub- 
transient reactance X4 should be used for the positive- 


sequence motor impedance with loads having *on® periods of 2 
or 3 cycles or less, and the transient reactance Xy should be 
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used for the longer "on" periods. The negative-sequence re- 
actance Xo is used for the negative-seauence motor impedance 


for type 2 single-phase loads, since this value is inherently 
a transient value. 

Synchronous machine impedances are affected some by sat- 
uration - in other words, by the load on the machine and/or 
the amount of field excitation. However, this refinement 
does not need to be considered in this investigation, since 
the negative-sequence motor impedance, which has the most 
effect on the voltage change, is nearly independent of satu- 
ration due to the damper windings used with synchronous 
motors. The negative-sequence motor impedance has more 
effect on the voltage change than the positive-sequence motor 
impedance, since it is the smaller of the two. This effect 
becomes apparent when the voltage ratio equations are used. 
The experimental data given in the following section also 
show that the magnitude of the field excitation has a minor 
effect on the voltage change. 

Since it is usually impossible in practical cases to 
know the exact character of the motor loads, sufficient ac- 
curacy can be obtained by using values from the following 
table of typical constants for general purpose synchronous 
motors. The constants are for motors normally connected to 
utility lines; that is, 25-500 hp and 1800, 1200, or 900 rpm. 
The reactances are given in per unit with stator kva as the 
base, and the time constants are given in seconds. 


Constants For Small Synchronous Motors 
Range Average 
Unsaturated direct-axis reactance, Xy + - 0.60 - 1.45 1.15 


Transient reactance, Xi we ewe ee se 9.20 - 0.50 0.37 
Sub-transient reactance, x4 Butetste © 0719-0035 0.24 
Negative-sequence reactance, X5 eee ets = 0.55: 0.24 
Short-circuit transient time constant, Tj. 0.50 - 0.65 0.58 


Short-circuit sub-transient time 
constant, Ty... - + +++ +--+ ~~ 0.01 - 0.02 0.015 
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10. Induction Motors 

The positive-sequence impedance of an induction motor 
is the impedance determined from the usual equivalent cir- 
cuit. This impedance depends on the slip S; that is, on the 
load carried by the motor. The negative-sequence impedance 
can be determined by substituting a slip of (2-S) for the S 
of the usual equivalent circuit. This will show that the 
negative-sequence impedance is, for all practical purposes, 
equal to the blocked-rotor impedance. For transient stud- 
ies involving induction motors, an impedance equal to the 
blocked-rotor impedance is used. This impedance might be 
compared to the sub-transient impedance of a synchronous 
machine. Since there is no field winding, there is no imped- 
ance of an induction motor which is comparable to the trans- 
ient impedance of a synchronous machine. 

For type 1 single-phase loads, the usual positive- 
sequence and negative-sequence impedances are used for the 
motor impedances in the voltage ratio equations. For type 2 
single-phase loads, the blocked-rotor impedance should 
be used as the positive-sequence motor impedance with loads 
having "on" periods of 1 or 2 cycles; for "on" periods long- 
er than this the usual positive-sequence impedance should be 
used. For all type 2 loads, the blocked-rotor impedance 
is used as the negative-sequence motor impedance. 

The usual positive-sequence impedance of an induction 
motor varies with load. In general, this will not need to 
be taken into account, and the full-load value can be used. 
This follows from the fact that the negative-sequence impe- 
dance has much more effect on the voltage change than the 
positive-sequence impedance. The experimental data given in 
the next section confirm the above because they show that 
the load on an induction motor has little effect on the 
voltage change produced by connecting a single-phase load. 

In practical cases where it is difficult, if not impos- 
sible, to determine the motor loads accurately, the follow- 
ing induction motor constants may be used. These constants 
are in per unit, the base kva being equal to the output kw 
(hp X 0.746). They are average values for 60-cycle, general 
purpose induction motors rated 10-500 hp and 1800, 1200, or 
900 rpm. 

Full-load impedance. . . - + se s+ + 0.8 227° 

Blocked-rotor impedance. ..... ++ 0.135 270° 
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\V. EXPERIMENTAL DATA 


11. Introduction 

Many specific cases were investigated in the laboratory 
to verify the material of the preceding sections. The data 
and results of several typical cases are given in this sec- 
tion. As a matter of convenience the plant-bus transformer 
bank was considered to be connected M in all cases. In 
the laboratory this permitted the use of series impedances 
for the transformer bank. Al] motor impedances were measured 
by the usual test methods?, and only the results determined 
from such measurements are tabulated. 

In each of the cases one or both of the ratios Vic! Fae 


and Vp, ./ Per were determined from measured voltages and 


from calculations using the previously developed equations 
and measured impedances. In most instances the difference 
between the experimental and calculated ratios is less than 
0.5 percent, the maximum difference being less than ] per- 
cent. Phase bc, the phase supplying the single-phase load, 
was used for the check between the experimental and calculat- 
ed values. This phase is the most important in practical 
cases because it has the greatest voltage change when the 
transformer bank supplying the plant-bus is connected M, 

Cases 1] and 2 show that when an induction motor is con- 
nected to a three-phase system, there is definitely a reduc- 
tion in the voltage change caused by connecting a single- 
phase load to the system. These cases also show that the 
amount of load on an induction motor has very little effect 
on the voltage change. 

Cases 3 and 4 show that a synchronous motor also reduces 
the voltage change caused by connecting a single-phase load 
to a three-phase system. It is also shown that the load on a 
synchronous motor has little effect on the voltage change. 

Case 5 shows that the excitation of a synchronous motor 
‘has only a small effect on the voltage change produced by a 
single-phase load. 


2For a discussion of machine constants and methods of 
measurement see "Electrical Transmission and Distribution 
Reference Book,* ee epacuse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pennsylvania, 1944, pp. 129-174. 
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Case 6 consists of several tests involving an induction 
motor and single-phase loads having various "on" and "off" 
periods. These tests show that the use of the blocked-rotor 
impedance for the positive-sequence motor impedance gives a 
voltage change which checks fairly well with that actually 
produced during the first cycle or two and that after this 
time the usual positive-sequence impedance gives a good 
check. 

Case 7 includes several tests involving a synchronous 
motor and single-phase loads having various "on" and “off" 
periods. These tests indicate that the use of the sub-tran- 
sient reactance for the positive-sequence motor impedance 
gives a result which checks reasonably well with the voltage 
change produced during the first one or two cycles and that 
the transient reactance gives a good check between this time 
and the time when steady-state conditions are reached. 


12. Case 1. Induction Motor Connected to the Welder Bus 


be Welder 


FiG.. 10. .CURCUILTME ORR CASESNO.; sl aG.r 
EXPERIMENTAL DATA 


Circuit and System Data 
és rs a = 0.41 + 3 0.25 ohm 
Zr, . 27, = 0.35 + j 0.20 ohm 
Zp Shit j 0 ohms 
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Induction Motor: 
Rating - 7% hp, 220 v, 1135 rm, 3¢ 
No-load impedance = 1.62 + j 13.2 ohms 
Approx. 3/4-load impedance = 5.63 + j 5.53 ohms 
Blocked-rotor impedance = 0.875 + j 1.50 ohms 
The single-phase load remained on long enough for the system 
to reach steady-state conditions. 


Observed Data 


234.5/233.5| 0 
Motor Not Paes ale mous 
C ted : 
ag 228 1230.5} 10.4 
223. 5/236. 51224 |229 Tarts 
229 |229 |228 0 
Motor 226) 1225.5 5.4 
Running 229 |225 |225 7.4 
No-Load 223. 5|224 10.35 
220 |221.5| 15.0 
. 221, 5| 221. 5/221 0 
Lor 51219 |219 5,2 
i. creme 221 |216.5|217 8.0 
re i 216 |217 10.2 
3/4-Loa 220 1213 1214 14.35 


Motor Not 
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Calculated Data - Concluded 


V../V 
be’ ‘FE 
1-¢ Current BC 


Cale. 


Motor Running 
No-Load 


Motor Running 
Approx. 


Sample Calculations 
Consider the case where the motor is running at no-load 
and the single-phase load current is 5.4 amp. For this case 


Zs, = Zs, = 0.41 + 5 0.25 Typ, = 1.62 + § 13.2 
Zy, z Zr, = 0.35 + j 0.20 Typ, = 0.875 + 5 1.5 
lg 2 a0 6 + Typ, = 1.62 + j 13.2 
F ~=q = 40.6 +j0 1 . 


(2, 'g Zs.) ME 
Z,-s PEST = 0.709 + 3 0.47 
“1, 4s) 1 
7 
Bas Beer a 
cs —_ ne e Jj ° 
+ + 
Cy tita, Tie, 
Us ing Equation (14), the calculated voltage ratio for point F 
is ss 
ene ppd fie 0.973 
V = wee reer Lh Es 
Fac Dee 
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The voltage ratio for point F determined from observed data 
is 


= 0.985 


The voltage ratio for point P determined from observed data 
is 


13. Case 2. Induction Motor Connected to the Primary 
of the Welder Supply Transformer Bank 


Inductiorr 
Motor 


( 


/-¢? Welder 


FIG. 11. CIRCUIT FOR CASE NO. 2 OF 
EXPERIMENTAL DATA 
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Circuit and System Data 
A es = 0.41 + j 0.25 ohm 


Zi, = Zr, = 0.35 + j 0.20 ohm 

Zp =R+ j 0 ohms 

Induction Motor: 
Rating - 7% hp, 220 v, 1135 rpm, 3 
No-load impedance = 1.62 + j 13.2 ohms 


Approx. 3/4-load impedance = 6.1 + j 6.0 ohms 
Blocked-rotor impedance = 0.875 + j 1.50 ohms 


The single-phase load remained on long enough for the system 
to reach steady-state conditions. 


Observed Data 


[Veteaen ac 


a 


234 | 234 
Motor Not 235 | 226 
Connected 236. 5] 224. 

236. 5} 220.5) 226 


Motor 2305/2235 
Running 230. 5) 220. 
No-Load 230. 5} 216 


230 |209 

223 |293 

a 223.5| 216 

heared Pei) £ 
Approx. s 

9/4-Load xe | =n memon 


222. 5| 202 
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nm 


Calculated Data 


ce 


Motor Not 
Connected 


Motor Running 
No-Load 


Motor Running 
Approx. 
3/4-Load 


Sample Calculations 
Consider the case where the motor is running under load 
and the single-phase load is 7.4 amp. For this case 


Zs, “Zs, = 0.41 + 5 0.25 Zp, =e drt 6.0 
ay “Zh, = 0.35 5.3 0.20 Zp, a O.ei5 3 1.5 
=f ei 
Zr - 7A = 28. Bit J 0 


1 SSA, 27, = 0.736 + j 0.442 
ee 


ia 7s. Ap 
jp at 8 ey Pe ; 
a eT, — 0.655 + j 0.434 


785° WP, 
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Using Equation (14), the calculated voltage ratio for point F 
is 


V F, +12. 
whe! 2 | OO SL eee oe 


1-=- 
V RETA ye 
Frc Saad Sle % 


The voltage ratio for point F determined from observed data is 


Using Equation (51), the calculated voltage ratio for point P 
is 


V Z, ~-Zr)+(Z,-Z 
Ve : Z, +Z,+Z eae 
Pao 1Fes2 be OE 


The voltage ratio for point Pdetermined from observed data is 


14. Case 3. Synchronous Motor Connected to the Welder Bus 


Synchrorious 
Moror 


bs: 


? Welder 


FIG. 12. CIRCUIT FOR CASE NO. 3 OF 
EXPERIMENTAL DATA 
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Circuit and System Data 

Zs, = Zg, = 0.41 + 5 0.25 obm 

Zp. = Zz = 0.35 + j 0.20 ohm 

ey eres 

Zp = R + j 0 ohms 

Synchronous Motor: 
Rating - 5 kva, 220 v, 1200 rpm, 3¢ 
Direct-axis reactance (unsat.) = 0 + j 8.7 ohms 


Negative- -sequence impedance = 1,33 + j 2.35 ohms 
NE (Full-load, If = 3) = 7.95 + j 6.43 ohms 


Tis (No-load, If = 3) = 2,82 - j 15.9 ohms 


The single-phase load remained on long enough for the system 
to reach steady-state conditions. 


Observed Data 


1-¢ Current 


Motor 
Running 
No-Load 
iec> 3 


Motor 
Running 
Approx. 

Full-Load 
Eric 3 
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Calculated Data 


Motor Not 
Connected 


Motor Running 
No-Load 
(Ta) 


Motor Running 
Approx. 
Full -Load 
(Ip = 3) 


Sample Calculations 
Consider the case where the motor is running at no-load 
and the single-phase load current is 5.4 amp. For this case 


Zs, = %y, = 0.41 + j 0.25 Zp, = 0 + 3 8.7 
zy, ; 24, 0.35953; 0220 NE, 8033 Fe2cda 
Fue 237 Typ, = 
On = — 7 iF aatot 100 F) = 2.82 - j 15.9 


From Equations (48) and (49) 


(27, + Zs.) Zyp 
7 shee ] 1 Tse J 
15 ee 


" an esp IME, 
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Using Equation (14), the calculated voltage ratio for point F 
is 


Vic Z) + Zy 
Si = 0.972 
Veo Zy + 2, + Zp 


The voltage ratio for point F determined from observed data 
is 


Vbe _ 237 LF 
Ve 243.5. = 
Fer Aare 


Using Equation (43), the calculated voltage ratio for point P 
is 


V, ZN Zug Zs Zyp.Z: 
Pee MF, “yp, 7s, k Zur ,2s, 


(Z,+Z5tZp) (Zager +Z +Zy +: Ze +Zr +: 
= 0.984 


The voltage ratio fer point P determined from observed data 
is 


Yp 
be _ 238 _ 
Wy 240-5 0.989 


15. Case 4. Synchronous Hotor Connected to the Primary 
of Welder Supply Transformer Bank 


Synchronous 
Motor 


et We/der 
FIG. 13. CIRCUIT FOR CASE NO. 4 OF 
EXPERIMENTAL DATA 
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Circuit and System Data 
he = ee = 0.41 + j 0.25 ohm 


zy, 3 2, = 0.35 + j 0.20 ohm 
Zp =R+j0 oms 
Synchronous Motor: 
Rating - 5 kva, 220 vy, 1200 rpm, 3¢ 


Direct-axis reactance (unsat.) = (0 + j 8.7 ohms 
Negative-sequence impedance = 1,33 + j 2.35 ohms 


The single-phase load remained on long enough for the system 
to reach steady-state conditions. 


Observed Data 


< 
at 
S 
8 

o 

“ry 


Felagaereshyaeans 
tn [ee |e | We | Ya | ee 


0 
Js 
Motor Not 
Connec ted 10.4 
Toca 
Motor 0 
Running 5.3 
No-Load 1h 5 
t=3 10.55 
mes 15.7 
Motor 0 
Running 5.2 
Approx. tee 
Full-Load 10.3 
(I, = 3) 221. 5| 224.5 MOSS 
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Calculated Data 


Motor Not 
Connected 


Motor Running 
No-Load 
(Le 73) 


Motor Running 
Approx. 
Full-Load 

(Ip = 3) 


Sample Calculations 


V/V 
be/ *F 
1-4 Current 


[calc. | Obs._| Cale. | 


0.983 
0.975 
0.964 
0.949 


0.986 
0.979 
0.970 
0.955 


0.987 
0.980 


Consider the case where the motor is running under load 
and the single-phase load is 5.2 amp. For this case 


Pema 10,415 3.032 Zap = 0 + j 8.7 
225.5 _ 
Feeeoe pee: 3.0 
From Equations (56) and (57) 
TOSS 
Zz) se +77, = 0.738 + j 0.462 


a 
7s, * We, 


2 -_ 
Eto — 0,687 3: 0.442 
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Using Equation (14), the calculated voltage ratio for point F 
is 

Vb) Z) + Ly y 

a 4 ee ica res = 0.968 
The voltage ratio for point F determined from observed data 
is 


Voc _ 225.5 se 
Ve © 239.5 «(ME 
Frc 


Using Equation (51), the calculated voltage ratio for point P 
is 


if (Zia ane of UA vA 
cag cae oe Dl aoe a aan eee epee es ey = 0.985 
bien OT ohare 
The voltage ratio for point P determined from observed data 
is 
aie a  , 
V 1203215 een 
Pac 5 


16. Case 5. Effect of Synchronous Motor Excitation 


Synchrorious 


FIG. 14. CIRCUIT FOR) CASE NOw-=S lor 
EXPERIMENTAL DATA 
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Circuit and System Data 
Zs, = Zy. = 0.41 + 5 0.25 ohm 


= Tq, = 0.35 + j 0.20 ohm 
Ze = R+ 3 0 ohms 


“DW 


Synchronous Motor: 
Rating - 5 kva, 220 v, 1200 rpm, 36 
Direct-axis reactance (unsat.) = 0 + j 8.7 ohms 
Negative-sequence impedance = 1.33 + j 2.35 ohms 


The single-phase load remained on long enough for the system 
to reach steady-state conditions. 


Observed Data 


Synchronous Motor Running Without Load 


eaten 


Motor Field Current Phase be 
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Calculated Data 


Sample Calculations 

Consider the case where the motor field current is 3,72 
amp and the single-phase load current is 10.05 amp. For this 
case: 


Zs, = ts, = 0.41 + j 0.25 Zyp, = 0 +5 8.7 
Zt, = Zq, = 0.35 + j 0.20 Ze, mee he ate keh 
Zz, 233 


=30.05 23-2 +30 
From Equations (48) and (49) 
e: fr, 4s) 7 
aT, * 78," 4 
= aN y zs) 7M. 


Zo = =——-—_—— = 0.54 + j 0.419 


2q, + Us, + Le, 


= 0.672 + j 0.49 
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Using Equation (14), the calculated voltage ratio for point F 
is 
Vbe Z, + Zo 


The voltage ratio for point F determined from observed data 
is 


be _ 233 _ 
Vv. = 244 = 0.955 
Fee 


17. Case 6. Induction Motor Connected to the 
Welder Bus - Cyclic Welding Load 


< ? Welder Motor 


FIG, 15. CIRCUIT FOR CASE NO. 6 OF 
EXPERIMENTAL DATA 


Circuit and System Data 
43, = 435 = 0.41 + j 0.25 ohm 
Zn, = Zp, = 0.35 + j 0.20 obm 
Zp =R + j 0 ohms 
Induction Motor: 
Rating - 7 % hp, 220 v, 1135 rpm, 3¢ 
No-load impedance = 1.62 + j 13.2 ohms 


Approx. 1/2-load impedance = 4.27 + j 9.15 ohms 
Blocked-rotor impedance = 0.875 + j 1.50 ohms 
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The single-phase load "on" and "off" times are as shown on 
the oscillograms of Fig. 16. 


Observed Data 


Voltages at F 


Oscillo- Voltages at.E | With 1-4 Load |] 7 qe 
gram | {oad Before 1-¢ Load Steady-state | Phase be 
Number 


No-load | 217.5} 218 }217.5/216 {208 | 210 
No-load |216.5} 217 |216.5|215.5 
1/2-load}208 | 210 |208. 5/207 
1/2-load|208 | 210 (208. 5/207 


10-1 208 | 210 Seales 
22-1 199 | 201 9.38 
199 


Calculated Data 


. Amp] itude V,./V; 
Cycle Number on Original be’ "Fc 
Indicated on Oseillogram From Oscillogram 
Oscillogram Amplitudes 


Oscillogram No. 9-1 


Calculated Voc! Vp = 0.961. Blocked-rotor impedance used 


for AE, ° 


BUL. 392. INFLUENCE OF POLYPHASE MOTORS 53 


\\ 


==, —\\\\ \— 


19 Curren: 16 Current 


Ti co See 
ti 


Hope iH alee teen fetey ij Teieley j 
WY VVVVVVVVVVVVVVY VVVVVVVVVVVVVVVVV VV Vy, 
{23456 er 23456788 04 


‘Sd Seer ay ae eae | eee Seen cee cases ke Bek ky ef. ge 


eke oR Pee eee PO gg Ng ig or gt ae are op Ens Sa aaa : 
_ Oscillogram # 9-1 Oscilloeram # 10-1 
iy divi Vidvud 
Von 16 Current 
AAAAAA MTP DA Pee PeR Gah i hinaas 


Be OER ED ie | 


SSE RIS. GaN, WARE Sas Oy Cer sateen Pee 


Ree NON Pw Ree Ye cmd wv We 6 


¥ Oscillogram # 22=1 Oscillogram # 23-1 


FIG. 16. OSCILLOGRAMS FOR CASE 6 
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Calculated Data (Cont.) 


Amp] itude 
on Original 
Oscillogram 


V 
be/ VF. 
From Oscillogram 
Amplitudes 


Cycle Number 
Indicated on 
Cscillogram 


Oscillogram No. 22-1 


1 Off 1.0 

3 On 0.960 

3 On 0.938 

4 On 0.954 

5 On 0.954 

6 On 0.954 

vi On 0.953 

8 On 0.953 

9 On 0.983 
10 On 0.953 
11 0.994 
12 0.997 
13 1.0 
14 0.997 
15 1.0 
16 1.0 | 
it 1.0 | 
18 1.0 . 
19 1.0 | 
20 1.0 


Calculated Vie/VF pe = 0.959. Blocked-rotor impedance used 
for INE: 
Calculated Vee! Wipe = 0.949. Approx. 1/2-load impedance used 
for Ze: 
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Calculated Data (Cont. ) 


Cycle Number Amplitude Vie! VF 
Indicated on on Original : ae 
Oscillogram rom Oscillogram 


Oscillogram Amplitudes 


Oscillogram No. 10-1 


WOAIANNPRWHYH 

ee ll oe 2 oo BE > oe oe 

SOSLRLY LOS 
SSSSSRBSE 


’ Calculated Vice/VFge = 0.962. Blocked-rotor impedance used 


for ye, 
Calculated Vbe/ Fp = 0.953. No-load impedance used forZyp . 
rs a ed 


Oscillogram No. 23-1 


9 2002S 
ARAEABA 


ODADR NFP WNHN Ee 


Keer ODCC CC COF 


oooo ow wo 


Calculated Vic! Vip 0+ 959+ Blocked-rotor impedance used for We 
Calculated Voc! VF, 0-949 Apprax.1/2-load impedance used for Zyg, - 
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Sample Calculations 
Consider the case of oscillogram No. 22-1. For this 
case 


Zs, = = 0.41 + j 0.25 Ze =0.875) yee 
or ae Wy, = 0-875 + 5 1.5 
7, - 199 


F 9,38 21-2450 
From Equations (48) and (49) 


_  (Zq. + Zy) Zap 
7 eed 1 le 


Ve PVPS 6 
1, °S, * Ae, 


Ss (27, + Zs,) ™E) 
Zo = fs aes 0.39 


Tok Soab AE 


Using Equation (14), the calculated voltage ratio for point F 
is 


The voltage ratio for point F determined for the second cycle 
on the oscillogram is 


Vbe _ 31-75 
Ve, * 33.03 0 960 
BC 
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18. Case 7. Synchronous Motor Connected to the 
Welder Bus - Cyclic Welding Load 


( 


b 
/-¢ Welder ad atten 


Motor 


Com yee cURCUIGh FOR] GASEDNO. 7 OF 
EXPERIMENTAL DATA 


Circuit and System Data 
z = 0.41 + j 0.25 ohm 
4s, © “Sy saa 
ay = 6 = 0.35 + 3 0.20 ohm 
Zp =R+ j 0 ohms 


Synchronous Motor: 
Rating - 5 kva, 220 v, 1200 rpm, 3 
Direct-axis reactance (unsat.) = 0 + j 12.9 ohms 
Negative-sequence impedance = 1.06 + j 1.41 ohms 
Transient reactance = 0 + j 3.08 ohms 
Sub-transient reactance = (0 + j 1.56 ohms 
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The single-phase load "on" and "off" times are as shown on 


the oscillograms of Fig. 18. 
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16 Current 16 Current | 
FUMAAAANAAANARAAARAM TAA AA | 
i) NM VY Ny VVVVVVVVVVVA  VVVVVVVVVVVY VV 


The 4234.5 
eae tea Wy Gee tae eee Wea ice eS Sa Ge a Ma aa ae oa as 
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ose Boos 


Lat VV VV VERSE 


re: ee, ih ah he came 
Sages eae 


Vay 
APA R SAAR AAR OR AAA 
MAAN 
i 


” 
‘abd 
Ch ROR RON ROR ROR RAR R RRS RAO ROR RD 


CUR EUNV VV VV ENV ENV VY VY 
Oscillocram # 5=2 Oscillogram $ 6=2 


16 Current 


i NM NAMAAARAAAARAA 
i UAT VET 
VV WVVVVVV VY 


OSCILLOGRAMS FOR CASE 7 


F.iG. MBs 
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Observed Data 


Voltages at 
F Before 
1-¢ Load 


Oscillo- 
gram 


Number 


Motor Field 
Load |Current 


1-> Current 
Phase bc 


5-2 226 | 227 | 227 | 225) 218] 220 

6-2 226 |227 | 227 | 22 5/218) 220 9.05 

8-2 226 |227 |227 | 225} 218} 220 9.00 
24-2 224|225|225| 223 | 216} 218 9.05 


Calculated Data 


Amplitude Vi./V; 
Cycle Number AkGristnal whlice 
Indicated on Oscillogram From Oscillogram 


Oscillogram Amplitudes 


Oscillogram No. 5-2 


| Calculated Ve! VF ae = 0,965. Sub-transient reactance used 


| for IVE, 
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Calculated Data (Cont.) 


; Amplitude V/V 
Cycle Number on Original we: 
Indicated on Oscillogram | From Cscillogram 


Oscillogram Amplitudes 


Cscillogram No. 8-2 


ODAIHDMNSWNF- 


Calculated Vic/VF pp 0-965. Sub-transient reactance used for AF): 
Calculated Vic/VFpp ~9-957- Transient reactance used for 2NE 
Calculated Vbe/VFp~ 9-953: Direct-axis reactance used for A 


Oscillogram No. 6-2 


1 1.0 

Z 0.960 
3 0.959 
4 0.9 

5 0.9 

6 0.9 

at 1.0 

8 1.0 

M 1.0 
10 1.0 


Calculated Vic/WFpr = 0-965. Sub-transient reactance used for NF}: 
Calculated Vbe/VF pp = 0.957. Transient reactance used for ZMF; 
Calculated Vie/Wpp 0-953. Direct-axis reactance used for AE): 
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Calculated Data (Cont. ) 


Cycle Number ace Voe/ WF 

Ind d on Original BC 
ndica ted on Oscillogram From Oscillogram 

Oscillogram Cy Amplitudes 


Oscillogram No. 24-2 


1 Off 1.0 

2 On 0.955 
3 On 0.950 
4 On 0.951 
5 On 0.950 
6 On 0.950 
fi On 0.951 
8 On 0.950 
9 On 0.950 
10 On 0.951 
ll Cn 0.950 
12 On 0.951 
13 On 0.951 
14 0.998 
15 1.0 
16 0. 998 
17 1.0 


pealculated Vie! VF = 0.965. Sub-transient reactance used 
for ANF 
Calculated Vic/ VE = 0.957. Transient reactance used for 
EC 
ey, | 
Calculated Vbe/ VE pr = 0.953. Direct-axis reactance used 


if or ZN 
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Sample Calculations 
Consider the case of oscillogram No. 8-2. For this case 


Zs, = Zs, = 0.41 + j 0.25 Tye, = 0 + 5 1.56 
ae + Zr, mahi a ALS! Zye, =1 06 jeleal 
Zp _ 218 


Te Se LEE ta 


. From Equations (48) and (49) 
= rs 
Gres? Ae; 


Z) Ca ance aes ey ae 5 a 
+ Z + 
“1, * 2S) * 


= 0.401 + j 0.501 


oO 0 Are 5 070 
Tort + 
Ty So AF, 


Using Equation (14), the calculated voltage ratio for point F 
is 


The voltage ratio for point F determined for the second cycle 
on the oscillogram is 


Ybc _ 33.89 


= 0,963 
Vig 3519 
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V. MAGNITUDE OF THE EFFECT OF THE MOTORS 
IN PRACTICAL CASES 


19. Introduction 

In order to give some conception of the magnitude of the 
effect of the motors in practical cases, calculations were 
made using data furnished by the Commonwealth Edison Company 
of Chicago, Illinois, for six typical single-phase welder 
installations supplied by their system in the Chicago area. 
In each of these cases the plant-bus transformer bank was 
connected YA and the motor loads were for all practical 
purposes composed only of induction motors. A value of 4 
percent (on the motor base) was used for the reactance of the 

transformers supplying the motor load at point P. This value 
is considered to be a reasonable average for these transfor- 
mers. An exact value is difficult to determine but is really 
not necessary, as this value can be changed appreciably with- 
out producing much effect on the magnitude of the voltage 
change at P. 

In the table of calculated results, only the drop in the 
line-to-neutral voltage of phase A is shown, since the drops 
in the line-to-neutral voltages of the other two phases are 
considerably less. In the case of the line-to-line voltage 

_drops, the voltage drop between lines B and C is not shown, 
since it is much smaller than the other two. 

It should be noted in Case 4 that the effect of the 
_motors was to increase the voltage drop between lines C and 
A. However, between lines A and B, where there is much more 
drop, there is a considerable improvement due to the motors. 
Since the maximum voltage drop is of most importance, in- 
creasing the voltage drop between lines C and A does not 
appear to be objectionable. Although the voltage drop may be 
increased by the motors under some conditions, it always 
occurs on one of the phases which does not have the maximum 
_drop in voltage. 
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20. Circuit and System Data 


Soure 


< Supply System linpedance 


7 3-% Motor Load at P 
a 


“YA Transformer Bark 
S760/240 Volts 


id Plaret Bus 


/-? Welder 
3-8 Motor Load 


ar 


FIG. 19. WELDER SUPPLY SYSTEM USED IN THE 
DETERMINATION OF THE VOLTAGE CHANGES 
PRODUCED IN PRACTICAL CASES 


Welder |p ration| Plant-Pus | Impedance of 
Power of Weld Transformer} Plant-Bus 
Factor Trans former 


percent 


percent 


3-25 
3-50 
3-25 

3-37-1/2 


Resistance of Reactance of 
Supply System Supply System 
ohms 
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21. Calculated Results 


The following results are Lased on the lettering conven- 
tion for the primary and secondary lines shown in Rips et: 


Percent Drop, 
No Motors 
Connected 


Percent Drop, 
All Motors 
Connected 


Percent Improvenent 
Due to Motors 


o_O ——— 
DROP IN LINE-TO-NEUTRAL VOLTAGE OF 
PHASE A AT POINT P 


22. Sample Calculations 


In all calculations the following base quantities were 
used: 


Base’ 3f kva = 1000 
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For the high voltage part of the circuit: 


Base line-to-line voltage = 3760 v 


Base li aE esas 

se ine curren hays s eek 2 . am 
V3 X 3760 ' 

Base impedance = 3760/V3 = 14.13 ohms 
153.6 


For the low voltage part of the circuit: | 


Rase line-to-line voltage = 240 v 


Base 1i i= ee = 2405 
se line current = —=— = 
V3 X 240 me 
Base impedance = 240/73 = 0.0576 ohm 
2405 


Consider the drop in the line-to-neutral voltage of 
phase A for case 6. 


_ 240 2 . 
The welder kva at 240 ery x 94 = 114 kva 


seeet O00 
ss 114 4 62° =8.77 2 62° = 4.12 + j 7.74 per unit 


ee 1000 

= 27, = (0 + j 0.024) ——=0+ j 0.214 it 

1 9g (det 3 ) 110.5 j 4 per uni 

5. Eso 0258 +) aoe 

4s a 2 
14.13 

7. _F7* —_ 1000 X:0.8 427° 

AE, = We, TR renner te ETS 
120 X 0.746 

= 7.96 + j 4.06 per unit 


= 0.0269 + j 0.0404 per unit 


= §,94 2 375 
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Z 1000 X 0.135 Z 70° 
7M = a =],51 270° 
120 X 0.746 


= 0.515 + j 1.415 per unit 


- 1000 
“Ww, = 5000 X 0.746 (0-8 427° + 0.04 Z 90°) 


= 0.549 Z 29.5° = 0.478 + j 0.270 per unit 


7 1000 
2 = 2000 X 0.746 (0-135 4 70° + 0.04 2 90°) 


= 0.116 2 74.5° = 0.031 + j 0.112 per unit 


From Equations (18) and (19) 


ae ewearal 
Beet ey bait 
Z) ia ee 
Arete iin? | Say = 
LE sgh 
= 0.0324 + j 0.246 per unit 
ee eew 5 \7 
+ oer 2 
Zs b “S, 2 
Is, Typ 2 
2 4 


= 0.0229 + j 0.211 per unit 
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From Equations (26) and (28) 


e 1 
M= ee eee 
RT, EG ES + Tee 
ts, 4p, + 44; 28, 7 41, ae, ry eee 
= 0.0266 + j 0.0352 per unit 
= Le, 4p, 4S, 
N== 


fe eT ae ZT, Ap, ANE, - NE. Ap, 
= 0.0153 + j 0.0258 per unit 


Using Equation (39), the voltage ratio for point P is 

OM Se ZME Pe 
ee a pal Seed aa ted ee fee Saks ci oe (M + N) 
V V (2, Zot Tele ee 

P, Pa 1” ose ee 


= | 1 - 0.00785 2 9.2° | = 0.9922 


This is the same as a drop in the line-to-neutral voltage of 
phase A at point P of 


‘Py ™ , 
5 x 100 = (1 — 0.9922) 100 = 0.78% 
P 
A 


When there are no motors connected to the system (al] motor 
impedances = ®), a similar calculation shows that the drop 
in the line-to-neutral voltage of phase A at point P is 
1.05 percent. Therefore the improvement due to the motors is 


1.05 — 0.78 


x 100 = 25.7%. 
1.05 
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VI. CHART SOLUTION OF VOLTAGE DROPS 


23. Chart Development 

The equations developed in the preceding sections can be 
used to calculate the voltage drop caused by a single-phase 
welder provided all the impedances are known. However, a 
great amount of labor is involved in making these calcu- 
lations, as is evident from an examination of certain equa- 
tions such as (26), (28) and (31). For use by the power com- 
pany engineer, who would need to make many such calculations, 
it would be desirable to obtain the voltage drops by a less 
time-consuming method. For this reason a set of charts was 
prepared, from which it is possible to obtain graphically the 
voltage drop caused by a single-phase welder. 

In order to make possible the construction of these 
charts it was necessary to make some assumptions concerning 
the system. They are all met fairly well in practice and 
are entirely reasonable. These assunptions are: 

a. The system can be represented by the circuit of 
Fig. 20. 

b. The impedance of the transformers supplying the 
welder is composed entirely of reactance; that is, 
the resistance is negligible. 

c. The impedance of the transformers supplying the 
motors at P is assumed to be 0.04 per unit on the 
motor base (hp X 0.746 = base kva). 

d. The motor loads at both P and F are entirely in- 
duction motors. 

e. The positive- and negative-sequence impedances of 
the motors are assumed to be 0.8 427° per unit and 
0.135 Z 70° per unit respectively (hp X 0.746 = 
base kva). 

f. The voltage-drop range of the charts is limited to 
small voltage changes that would normally be per- 
mitted on a power system. 

In those cases which do not satisfy the above conditions, it 
will be necessary to calculate the voltage drop by the 
methods of the preceding sections. 

The charts were constructed by plotting the results of a 
large number of calculations. The number of calculations 
that were made was sufficient to cover the range of each 
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variable that affects the voltage drop. The manner in which 
each variable is taken into account is the result of an ex- 
perimental process of determining a workable chart form, and 
not the result of any mathematical procedure. The charts 
give only the maximum line-to-line voltage change for a 
transformer bank and the maximum line-to-neutral voltage 
change for a YA transformer bank. These two voltage changes 
are given since they are the most important in a practical 
case. 

The representation of several of the variables by a 
group of radial] straight lines is not an exact representation 
but is extremely close to being exact. The error involved in 
using these straight lines is less than the error that is in- 
herently present in any graphical solution. In most cases 
the error of the system data is greater than any error caused 
by the non-linearity of the charts. For these reasons it is 
thought that the charts represent a very practical solution 
to the time-consuming problem of making voltage drop calcula- 
tions. 


24. Instructions for Using the Charts 

The circuit diagram to which these charts apply is shown 
in Fig. 20. All voltage drops computed or read from the 
charts will be for the point P (the primary of the welder 
supply transformer) and for the phases indicated in Fig. 21. 


Source 


= Supply Systen lnpedarice 


Motor Load 
a 


+44 or YA Welder Supply 
Transtoriner Bark 


'e ? Welder 
Moror Load 


FIG. 20. CIRCUIT FOR WHICH THE 
CHARTS WERE DEVELOPED 
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8 B 
A | >A /p Welder 
a iG 


Primary Voltage Orop BC 


- 8 
G. 5 
N A /-¢ Welder 
c 
A 


Primary Voltage Drop AN 


FIG. 21. PHASES FOR WHICH THE 
CHARTS GIVE PRIMARY VOLTAGE CHANGES 


The following procedure is suggested when it is desir- 
able to change the usual method of welder calculations as 
little as possible. It is, of course, apparent that the 
voltage drop including the effect of all the motors could be 
obtained immediately by the use of Step C. 


Step A. 


f Step B. 


Calculate the voltage change at the point P by the 
usual method, neglecting the effect of the motors at 
either the point P or the point F. If this calcula- 
tion gives a result which is definitely acceptable 
or one so large that the motors could not possibly 
bring the voltage drop within acceptable limits the 
procedure may be stopped here. 

If Step A indicates the advisability of a further 
calculation, then the chart with the correction 
factor K should be used. With this chart, correction 
is made for the motors at point P. It is necessary 
to determine first the number M, which is a function 
of the motors at P and also of the magnitude of the 
system supply impedance to the point P. The product 
of the hp at P and the system supply impedance Z, in 


per unit on a 10,000 kva base gives the number M. 
The value of K, corresponding to this value of M, 
multiplied by the value of the voltage drop computed 
in Step A will give the voltage drop at P corrected 
for the effect of the motors at P. The procedure may 
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Step C. 
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be stopped at this point if satisfactory results are 
obtained, 

If a further refinement seems necessary, the correc- 
tion of the motors at the point F may Le taken into 
account. This involves the calculation of the values 
which are necessary for the use of the chart that 
takes into account the effect of motors at Loth F 
and P, ‘These values are: 

a. ‘The supply system impedance in per unit on 4 
10,000 kva base; this was calculated in Step Babove. 

b. The welder kva at the rated secondary volt- 
age of the welder supply transformer. ‘This is the 
kva that the welder would take if rated secondary 
voltage were applied to its terminals. ‘The welder 
power factor nust also he known. 

c. ‘The value of the supply-system reactance di- 
vided by the supply-system resistance. This is de- 
noted by the X/A ratio on the charts, 

d. The welder supply transformer impedance in 
per unit with the welder kva (as found in (b) above) 
as the per unit base, 

e. The constant M. This was found in Step B, 

f. ‘The ratio of the motor hp load at F to the 
welder kva at F, 


After these quantities have been determined, the charts may 
Le used by the following procedure to find the voltage drop 
at P directly. 


g. Select the chart corresponding to the ratio 
of the motor hp load at F to the welder kva at F -~ 
calculated in part (f) above, In yeneral, there will 
be no chart corresponding to this ratio. In such a 
case, it will be necessary to use two charts and 
interpolate between the two values of the voltage 
drop obtained from these two charts ~~ one above and 
one below the actual ratio, It will also be neces- 
sary to select from two charts the chart that has 
values of welder kva in the range of the particular 
problem. 

h. Enter the charts at the lower left hand 
corner, In this region it will be necessary to 
select the group of curves corresponding to the per 
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unit impedance of the welder transformer (welder kva 
as base). This was calculated in (d). 

i. From the power factor scale on the left hand 
margin select the welder power factor. Then move 
horizontally to the right to an intersection with 
the curve corresponding to the value of X/R for the 
supply system impedance. 

Jj» From this intersection move vertically 
upward until an intersection is made with the line 
corresponding to the magnitude of the welder kva. 

k. From this point move horizontally to the 
right until an intersection is made with the line 
corresponding to the value of the number M. 

1. From this point move vertically downward to 
an intersection with the line corresponding to the 
per unit value of the supply system impedance. 

m. Then move horizontally to the left and read 
the voltage drop in percent on the vertical scale in 
the middle of the chart. 


25. Numerical Example 


Source 


~Sugely System Impedance 


: ¢(fotor Load 
P * 


“~¥4 Transformer Bank 


Fer Load 
Motor Load 


FIG. 23. CIRCUIT FOR THE EXAMPLE |LLUSTRATING 
THE USE OF THE CHARTS 
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Data as Given: 


Motor load at P - 600 hp 
Motor load at F - 40 hp 
Welder takes 73 kva at 228 v and 65% power factor (at the 
welder terminals) 
Impedance of YA transformer bank is 3,75% on its own rating 
of 100 kva 
Transformer voltage ratio: 2170/240 
Impedance from the source to the point P may be given in 
either of two ways: 
1. Three-phase short circuit capacity at P is 
14,300 kva at an impedance angle of 56.3° or 
X/R is 1.5. 
2. Impedance per phase in ohms is 0.548 + j 0.822 
(2170/3760 volt base). 
Note that these are equivalent forms. 


Conversion of Data to a Usable Form: 
a. The supply impedance must be expressed in per unit 
on a 10,000 kva base as indicated on the charts. 

1. If the impedance is expressed as a short-circuit 
capacity, it can be converted to a per unit 
value directly. For this case the short-circuit 
capacity is 14,300 kva. The value on a 10,000 
kva base is then 


10, 000 
14,300 


= 0.70 per unit 


2. If the impedance is expressed in ohms, then 
the base impedance for 10,000 kva at the par- 
ticular voltage must first be found. 


Base voltage = 3760 = 9170 
V3 


3 
10,000 
Base kva per phase = ree Te ME SE! 
_ 3,333,000 _ 


1536 


Base current 


2170 
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The impedance 0.548 + j 0.822 becomes 


&40h02548wi A0.822 
= 7.413 * J 1.413 ~ 0-388 + j 0-582 per unit 


Zs = / (0,388)2 + (0.582)2 = 0.70 per unit 


b. The rated transformer voltage is 240 v. Therefore 
the welder kva must be corrected to 240 v. 


240 2 
(59g) * 73 = 80 kva at 65% power factor lagging. 


Note: The kva on the charts is always the kva the 
welder would take if rated secondary voltage were 
applied to its terminals. 


c. X/R ratio 
l. This was given directly as 1.5 
2. For this method of expressing the impedance 


X_ 0.582 


R 0.388 1:5 


d. The YA transformer has an impedance of 3.75% on 100 
kva. This must be converted to 80 kva since the charts have 
this impedance expressed with the welder kva as base. 


80 
T00 X (-0375) = 0.03 per unit on the 80 kva base 


e. Number M for the effect of the motor load at P. 
M = (Z,) X (Motor hp at P) = 0.70 X 600 = 420 


f. Motor hp at F 40 _ 1 


Welder kva SU oz 


Since there is no chart for the ratio of motor load at F to 
welder kva equal to the value of % obtained in (f) above, 
voltage drops for ratios of 1 and 0 must be found from the 
charts and the desired value interpolated from the two 
voltage drops. 


Ratio = 0; Voltage drop = 0.96% (Chart #2a) 


Ratio = 1; Voltage drop = 0.90% (Chart #3a) 
Ratio =%; Voltage drop = 0.93% (Interpolated) 


BUL. 392. INFLUENCE OF POLYPHASE MOTORS ri 


Vill. SUMMARY 


The following conclusions can be drawn as a result 
of the preceding investigation of the effect of polyphase 
motors on the voltage change caused by single-phase welders 
connected to a three-phase system. 


The effect of the motors is to reduce the voltage 
change on the phase or phases having the maximum 
drop in voltage. Ina practical case this effect 
can be appreciable and hence should be considered 
in any accurate analysis of the effect of a single- 
phase load. 

The voltage change with the motor effect included 
can be calculated on the basis of the method and 
equations developed in this investigation. 

The amount of load on the motors has very little 
effect on the voltage change. 

The magnitude of the field excitation of a synchron- 
ous motor has little effect on the voltage change. 
In practical cases it is found that the exact char- 
acter of the motor loads adjacent to the single- 
phase welder cannot usually be determined. It is 
also found that these loads are largely composed 
of induction motors. Because of this and of the 
statement made in (c), most practical cases which 
involve single-phase welders having "on" periods 
longer than two cycles can be handled with suffi- 
cient accuracy by using the average full-load and 
blocked-rotor impedances given in Section 10 for the 
positive- and negative-sequence motor impedances re- 
spectively. For the small number of cases involving 
either "on" periods shorter than two cycles or 
appreciable synchronous-motor load, the motor con- 
stants discussed in Sections 9 and 10 should be used. 
Balanced three-phase loads other than motors have 
not been considered up tothis point for two reasons. 
The first is that the usual industrial load is 
largely motor load. The second reason is that the 
positive- and negative-sequence impedances of the 
other balanced three-phase loads are equal, and 
therefore they do not affect the voltage change 
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caused by the welder nearly as much as the same kva 
of three-phase motor load. In cases where there are 
appreciable balanced three-phase loads other than 
motors connected to the system, they can be taken 
into account by including their impedances when set- 
ting up the positive- and negative-sequence networks. 
The charts included in this bulletin can be used as 
a graphical solution of the equations developed in 
the first part of the bulletin. When a number of 
single-phase welder loads are to be considered these 
charts offer a valuable time-saving method of solu- 
tion. 

All the equations and charts given in this bulletin 
are based upon sinusoidal currents and voltages. 
However, there are single-phase welders which have 
phase-shift heat control and do not draw sinusoidal 
currents except at the 100-percent heat setting. 
There are two types of phase-controlled welders that 
need consideration. The first is the type which 
does not use series capacitors for power factor cor- 
rection. For this type it is recommended that the 
voltage drop be determined for the 100-percent 
current setting, since the maximum drop will occur 
under this condition. 

For the second type, which uses series capacitors to 
correct the power factor to approximately unity, the 
maximum drop in the line-to-line voltage for a MA 
transformer bank or the line-to-neutral voltage 
for a YA bank does not occur at 100 percent cur- 
rent but at a current reduced by phase control. 
Therefore the maximum voltage drop cannot be deter- 
mined by the methods of this bulletin since the cur- 
rent would be non-sinusoidal. The solution of this 
problem was not included in the preceding investi- 
gation and remains a problem for further study. 


———_—_ 


31, B. Johnson, H. A. Peterson, and C. M. Rhoades, Jr., 
"Voltage Changes Due to Resistance Welding Loads," AIEE tech- 
nical paper No. 47-61 (Presented at the AIEE winter meeting, 
New York, N. Ye, January 27-31, 1947). 


tigdite 


We/der 
AN =f 
/600 


++ 
£ ae yas 
rH ste 
q + eens 
on (AAS AY ae SS Hee Ss a 
A 


T Bit 
an senoe ew 7 genanAg se 
2eeen Sawer 5 esa peer was —_ 
rt Hees pes Grad SSaao wade oe: 
peaaet ea Seeey Rapes EEae 
esasseon sm 
ae 
t 


Actual Vo/tage Drage i 


& 
c 
Primary Voltage Drop 


nai 
N 
A 


Veeee Pages Cone 


/200 /400 
iP Fer Unit or2 10.000 kya, Base) 


shiping: 


i EI] 
ally 

a4] 
HITE 
T3435 

neil i 
the ; 


/000 


(oter hp. at 2X (System /mpedance 


/orors 
™44 or YA 


System impedance 


AX (voltage Drop Withour Motors) 
ee: ees nee peage Geass Spneceeess ens { = eg de Samak efi 
eee 
BEE ity fees re Babe Gases Seeessesea pes Erte 4 Pe et 
soseea Paes weeas coed Supta oraee Gouad e anya baceh haver Garekugnus suche wlasa ste ae 
+ oe 
Source peas beg toa] 
P # a 
# 


‘ 
ree 
i 
Itt 
it 


ETE He 
fee eam 

aed, 

ee 
ae oe Su 


HT Hi HaiEH 
Hele fe a Sara 
i _ 
Bien eed i MUS a a 
Hy ee 
aoe 
Hd cee 


Constant “~q"= 


8 i) 
ad, ~Of2274 WOLWIPLIO Et 


Chart 1 Correction Factor, K, for Motors at P Only 


| At Rated Secondary Voltage 


sbeazal aaa ro ips! lense ssesiasseseest esas == 


Ee pee ; Source 2 a Ht es) a 
fie IERIE Ainame aati Se ES Y Me 
. os i fe et eee ese Bese kG aateaisel Primary Voltage Drop BC usstrest ss anne a speacaet LE ie : 
Seerees i | SS -Led rah ; i uaier nite age 
Seite Ee i = p SO a Js Peete etter 2 at Hanen 
SPSS a miimairts eee: “a4 or Ya _ c eu face sersassens cauas 25677, shaesd sens eves chad UEses seuas fas 
eS SRR Tee 7 Primary Voltage Droe AN Et | CAA : ane 
St tae Oe Oe St eee : : 
foe SS SSS SSE proven om art S227 aee ee eee es 
2 easane oe Bene coor deena aeseae 
cores Sonnee = 
a eeiued 


maa 
HA 

7 

ap 


ween Fas 


fig 
| ‘ 
SRA 


TAY 
a 
y Pe /S 
Hae 
meal 
au 
: 
INA 
KY 
PN 


AA SESS eae eee 


es Cee ROIAES in ee (Motor hp. at p) 


BaaeesZnage ad 
Sa ae ee aoe Bae 
-—- a 


aes SSRBCERGECESC e ry Sear Bee aes : 
N NS RS iw — f=- 

: =a ALCS RA coe Baka snd ae. te 
ae BESe5S Sse Sees i= 

Re ENP SS PSSSESERC NSS EE = 
SoS SPR SERRE ERS WA ee 
EES NEES Cee 


eufa rs: seunseeeaas 
| ae see Sams aaa 


, 
way 


stem 7 Irpedt 


Transformer sn ea nos pu. = es 
(On Welder Ava. as @ Sase) = 


aeeeeeenees 
— 


1 Sea ES 
NS SSeS VV | 
SSSSC CANE 


i i. Transformer ; 
( On Welder _ 


welder Power CET? 


- jane 
as im 


a BERR 
vpaasieeee He 
SeGSbes 

eo te 


+ aEnE geish mo 
In Per Unit on 1,000 kva. Base 


SELES 
BRSeEEEE 
Esc: Et CEE 


“ee seem Js ee rag “00/ ge 
t (On Welder ‘ve. as @ Base) * 


Chart 2a Chart for Determining Voltage Drops Caused by Single-Phase Welders 


= Motor hp at Ff - 
0 - 520 Welder kva Matdetiive 0 


0.6 


Ss 
A 


§ 1.0 [ 

wn 

8 

ha 
XN 

‘ 

06 

$ 

er rs 

> & 
1.0 


Ss 
& 


0.6 


0.4. 


System /mpedance 


Motors 
ca 


“a4 or YA 


Primary Voltage Drop BC 


Primary Voltage Drop AN 


fabs thwes scape safes wens! 
: ese ieees Ses ; 
com hart 


Welder kva. 
Rated Secondary Voltage 


ig quan Gaaae fl 


inne dukes seats Sane SeeBp seece sees quans 


System Impedance, -: 3 


ea mus 


rm 


Transformer impedance, 003 pu ee 
(On Welder kva. as a@ Base) 


caw wud - 
System /mpedance, 
Gn os eee aya) eres . 
Haat sf oedes nasay poces gress Retad 


Transtorimer lmpedarnce, O0.0/ p.ui. 


(On Welder kva. as a Base) — me 


na aa 


‘Transformer Impedance QOS pu\~ 
(On Welder kva. as a Base) * 
: a5 CRY yaEEE SEE repres 


re 


Source “4 # 
A >A Welder 
Cc Cc 


c od * 
N >A Welder 
Cc 
A 


=e 3 SSeS 
oes bores omen ears ones MIOTOR HP. AT F ay =e Sot mepas cees 
soc WELDER KVA. pre ds races aee' 
S + ideas Geass eeens omawe oaks a [Se i hand | 
GAs. : ae : y cS 7 2 Sk 
tg > -- 
A i : aH 40 - sar ape ean Sse sie 3 
3.8 
= pad nye 36 ou E =H 5a 
4 = = 
a se : B2 = . ai = ‘ : aE 
1 io 3.0 .. ‘ 
: = 28 i te = 
- - FR - ea 
= = = Bos Came 26 = 
wage es a 38 j Ned +g is : ak # 
: as -| S22 
$ = > 
— -— =, } 
= 2 ape bt § 2.0 Ff; m + 
re X\ ve = < 
1.8 | 5 
a peas Gwe k ssante = = 
= i v 1.6 4 = = = 
G Py is ice 
Cia: ns eA tate Stl Bess es 
a & 2 bide a pin ae 
7 = 
1.0 = 
“a 08 na y : =f 
4 = Goals S. aia 
— ——}——_1— a a ystem Impedance 
NAS. be 2) So eed Se oe a4 }- |= In Per Unit on 19000 kva. Base 
zie ee Tt tee ee 
aaa, SF Goa Mee ce a het SE alee feat gies joo 


Chart 2b Chart for Determining Voltage Drops Caused by Single-Phase Welders 


Motor hp at F - g 


0 - 2600 Welder k 
po welder kre Welder kva 


Source 


appas tas 


| >A Welder 
System /npedance - = “ 
Primary Voltage Drop BC 


ne foo Hu 
Had +L ‘3 = 
Sis ef 
: te 


A t Morors pads sens! sep segue 
a SO) a ef =. eae 
w >A Welder : AEE 
isi ™44 or YA a Baie LA Ae 
Pt hbo t peers Voltage Drop AN Bee Ee = BZ 4 
ae nee F Welder a Motors : ~~ i paced te 
Se eee, ee 
SS Bie re Bie tea eee ee ee ee tee ee aa 
Bee so ee ee see nneess 7500 = 
Sean Se ea 
oes iuaiiineatieg AAA HH Mee PS netist ie Me ih ; 
gies | ae peers eres were in ace Masia = at af 


: ea secre 


oo 


;77 depesbilel Q05 put, 
(On Welder Ava._as a Sase) 6 
i et Seues Geeea ieee penne 


sp peae camGeeesEeuaa! 


meeeca| MRE EE Baers sae ae oe 7 
epee eS RRS 
eeaeee 5 ae TaScec=: = saeennaa 


PRS Se CECE 
ESS 
SCN ee ee 
«PRR SS AA 
CCPSEESSESS ORE SINDEN IEIER 


: nae mae 
Yi SPREE Se Ba oe iee eae SSE AAR tek feb = 


Ea ah Gs es Gad Es Ss see ipa eh etn eric 
$4 ptt | Ae SES RGNRETRNG EE 
: | SO SUR SS sE7 SSB E RE SER CSREES SESESES SOS a SS ECs eae: 
Saat Esteteh. Nh || = SSCCEP SRDS SSS 
SE SS aeeeee aces eo es din es Se ee RE 
Ep ee ee eee ee ee eM re es SSeS SAL 
nce crrreres gop ILL pL RS eS SA 
Veo geet Se eee tort La | ZW PEPE $C ECS 
* tet tk te) dot bepet es @ ete | | EE SEE ER SSS TE 

see tet FP oS ee eB ISSSSSNSASE 
oS z ee SREmsSSe BES s 5) Seaee SSNs 
Be = thes ho ‘Sy. stem Impedance fad * Ee mo eds as SSS : 
In Per ‘Chit on 10000 kva. = I Eee eae ACRES Ne 
aan += Rime Sabi eicn, 
BE eee ee Enotes tad 


Chart 3a Chart for Determining Voltage Drops Caused by Single-Phase Welders 


i Motor hp at F _ 
0 - 520 Welder kva Weltoc kve 1 


a 


\, Pr ae 


ra 
~~ 
® * - 


‘of 


Welder Power Fach 


; Welder kva. 
| At Rated =e rot A tidal ade : 


Hs fe e Source a < sag tees: tH HEE 
or 266 HH 1° >A Welder - i 4 ze 
a . eat Eas 4 — 4 System /npedance — < : a a 
Jian ~Sads fereeaee : Po Primary Voltage Drop 8C Ht 
oe ive os Se ED 
Fe pair tetee ges assert ee “ E a: ae: 4 a ce Nn 2 A ; Welder = ee 
He Ss ts ae Se ee Ned or i: a i 
is 4 So Bef ut ee ae + Frimary Voltage Drop AN fat 
Eg Soo. oe 
Sect aS SS rr are ree ae et EEE 
je 4 BH BitH Rea ree Sid iota Habssee ee S| fee de tee pect nal ~ 
a eee ee eee LS ae ee : 
i em pS gertiat is aaa 
F ey 
a 


Ki / aie 
LA Re LAL 


ae RE 
a 
ca 


AeA 
HAVA 


a 
a 


= 


BES ae : 


a 
Ty 


SABae aa ere ean 
pee 
i seeouee. 24 5EeenE 
a  E 
oa 


| 
a ie i 


ia 
Zi 
Be 
H 
a 
PEE HEE 
H 


fy 
FEE 


a Y 
I 


Hy] 
fi 
d 


Bee at se 
eee = 
ches oe 


ee Impedance, rs 


PES taay 


Bh Sie of 
ERS HE HE re prot eee ioe pe aba Sareea Soa SN 
Veep orl cmap Frag , ofS SENN SNS AAA 
at ee eats Deeb NS OSG AAAS ee 
wofeatinteces i destet | iy nee eee Se PSN TSS ACA AAA 
E__ System Impedance, R:# See ee es he Be SOS SOA 
oat iat gp Ree icciee hares ESSE Se ScSeNE Sew etae 
Seb eS SEaSeE See aus aee 
ast Pe ees ee = SS Oh SSeCc Geen ae 
oe SEES 
2. . sae: a Spd Sots 7 hs iS Psat BS 
i & 2 fee [2 PP ESSERE 
2S Ses REPS SONS 
oat aaa Be Esa oS 


H Suan impedianea Wee 
In Per Unit on 10000 kva, Bose . iE 


Sees ee 


Pay, 


nee 
jae [2 apes as si iaa a 7 a4 
Te Walia, eter: a ee Soeee Be Les 
ooaen & rert Genes dekue aeanG on At aye seen b: sane races cegeg om 


ane 
Te 
oa 


Hal eal ea 
UH er da? 
Se 

ee 

, 

7, 

Y 


maa 

PA 

ER 
HA 
LWA, 


rriee tit 
H ina! 
Um a it 
ia 


aH) 


ule Beta 


Chart 3b Chart for Determining Voltage Drops Caused by Single-Phase Welders 
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Chart 5a Chart for Determining Voltage Drops Caused by Single-Phase Welders 
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Chart 5b Chart for Determining Voltage Drops Caused by Single-Phase Welders 
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